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ABSTRACT

The minimum resolvable temperature difference (MRTD) is
widely accepted as the parameter that best describes the field
performance of a thermal imaging system (TIS). Mathematical
modeling that accurately predicts the MRTD has been of major
interest to the infrared community over the last 30 years.
This work reviews the currently accepted models for predicting
the MRTD. Simplifying assumptions used by these models which
deal with the target spectrum are discussed and tested using
specifications taken from a standard forward looking infrared
(FLIR) system. In addition new models are proposed and
tested. Two of these models are a direct extension of the
recently proposed Vortman-Bar-Lev adaptive matched filter. A
third model is based on the novel concept that the MRTD curve
is predictable from a threshold condition on the visibility,
rather than the signal-to-noise ratio, of the system-degraded

bar pattern.
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I. INTRODUCTION

A. REVIEW OF LITERATURE

The minimum resolvable temperature difference (MRTD) has
been widely accepted as the parameter that best describes the
field performance of a thermal imaging system (TIS) when
involved in recognition and identification tasks [Ref. 1],
[Ref. 2], [Ref. 3], [Ref. 4].

It became a popular design tool for forward looking infri-
ared (FLIR) systems in 1975, when the U.S. Army Night Vision
Laboratory (NVL) published a successful mathematical model
[Ref. 5] which was based on matched filter theory as an
alternative to the predated perfect synchronous integrator
model [Ref. 6]. 1In spite of its success, shortcomings have
been encountered in both mathematical modelling, and measure-
ment of the MRTD for TIS [Ref. 7], [Ref. 8].

To improve the MRTD prediction, other models have been
proposed, by either modifying the original from Ratches
[Ref. 8], including particular concepts for specific types of
systems, or using generic expressions valid for any type of
TIS [Ref. 9].

Perhaps the most critical issues in MRTD modelling are:

1. visual perception, which has been an area of fundamental

research by several authors such as Johnson, Blackwell,
Schade, Genoud, Sendall, Rose [Ref. 10], Rosell, Willson




[Ref. 11], Kornfeld and Lawson [Ref. 12], [Ref.13],
[Ref. 14], [Ref. 15], [Ref.16].

2. effects of sampling, [Ref. 17}, [Ref. 18], [Ref. 19],
[Ref. 20], [Ref. 21].

3. noise characteristics, [Ref. 5], [Ref. 8], [Ref. 2].

With respect to MRTD measurements, objectivity has been
the main goal. Several laboratories are currently offering
high quality MRTD measurements following procedures that,
though very similar in principles, slightly vary according to
special needs. The use of computers and voltage prior to the
display to eliminate the logical operators' subjectivity is
being experimented using not only vertical targets but also
rotated ones for paarticular applications [Ref. 1], [Ref. 2],

[Ref. 23], [Ref. 24], [Ref. 25], [Ref. 26].

B. OVERVIEW OF THE THESIS

The present chapter introduces the fundamentals of the
MRTD as a figure of merit for a TIS and the discrepancies
currently reported between predicted and measured data.

Chapter II briefly describes MRTD models from Ratches
[Ref. 5], Lloyd [Ref. 10, p. 184], and Vortman and Bar-lLev
[Ref. 8] that apply matched filter theory and presents their
predictions for the sample system given in Appendix D.

Chapter III considers four proposed models: the first two
modify the matched filter presented by Vortman and Bar-lLev,

the third uses the concept of visibility of the system-degra-




ded bar pattern, and the fourth shows the effects of sampling
artifacts on the original Ratches model.

In Chapter IV a comparative analysis between the different
models is performed, their feasibility analyzed, and the final
conclusions stated.

Appendix A covers the development of Ratches model,
Appendix B presents a flowchart to provide a pedagogical
description of the simulations performed in MATLAB, Appendix
C includes the spectral analysis of the standard MRTD target,
and Appendix D lists the data of the sample system used for
the different simulations.

For typographical convenience a non-conventional notation
has been adopted for all the equations in this work. Specifi-
cally, the functional dependence is shown as a subscripted
argument leading to a more compact form, i.e., h;(x,y) is

represented as hnmyr

C. FUNDAMENTALS OF THERMAL IMAGING SYSTEMS

An object that presents an apparent temperature diffefence
with respect to the background can be detected, and subse-
quently recognized and identified by means of a thermal
imaging system. This difference in apparent temperature has
to be large enough to overcome variations in the background
temperature and other sources of noise, as well as the even-
tual attenuation produced by the atmosphere along the energy

path. The term apparent describes the fact that different




emissivities may need to be considered for target and back-
ground.

Due to their popularity and simplicity, only conventional
scanning thermal imaging systems, known as FLIRs, will be
considered within the scope of this work. Consideration of
other recent designs, e.g., mosaic staring infrared systems,
infrared linescanners, or pyroelectric array systems that
present particular characteristics, would require an extension
of this investigation beyond the limitation in time imposed.
This section follows the description presented by Lloyd
[Ref. 10, p. 15], whose text has been accepted as a fundamen-
tal reference by the entire infrared community. Figure I.1
shows one possible way of implementing a FLIR.

The optical system collects, spectrally filters, spa-
tially filters, and focusses the radiation pattern from
the scene onto a focal plane containing a single small
element. An opto-mechanical scanner consisting of a set
of two scanning mirrors, one sweeping vertically and the
other horizontally, is interposed between the optical
system and the detector. The ray bundle reaching the
detector from the object moves as the mirrors move,
tracing out a Tv-like raster in object space as shown in
Figure I.1l. This process of detecting the scene sequen-
tially is called scene dissection [Ref. 10, p. 8].

The energy of the electromagnetic field incident onto the
detector produces a response in the form of an electronic
signal that is then processed by amplification and filtering
circuits.

Finally, the TIS requires a display in synchronism with

the scanning components, such that the image is presented to

the observer in an appropriate way.




Vertical Scanner

Figure I.1. Simplified FLIR (After Ref. 10, p. 10)

The system can be represented by a block diagram of four
basic cascaded components, which filter the incoming electro-
magnetic signal: optics, detector, electronics, and display.
Figure I.2 depicts this concept and introduces the symbology

of the individual transfer functions.

D. BASIC PARAMETERS

A system with such a diversity of components as a TIS has
a great number of parameters thaﬁ describe the particular
performance of each element. Braddick and Ludlow [Ref. 1]

list more than twenty different parameters of importance in




Display

Figure I.2. Block Diagram of Simplified FLIR

TIS design and evaluation. However, finding a single parame-
ter to describe the overall performance of a system has always
been of primary interest for engineers.

From the beginning, the infrared community identified two
basic aspects of fundamental importance in TIS assessment:
thermal resolution and spatial resolution. Historically, they
lead to the first two parameters of common use: the Noise
Equivalent Temperature Difference (NETD) and the Detector
Angular Subtense (DAS). The former is related to thermal
resolution; the latter, to spatial resolution.

The NETD can be considered as "a measure of the ability of
a system to discriminate small signals in noise" although a
more proper definition follows: "the NETD is the blackbody
target-to-background temperature difference in a standard test
pattern which produces a peak-signal to rms-noise ratio (SNR)
of one at the output of a reference electronic filter when the

system views the test pattern". [Ref. 10, p. 166]




If the temperature difference between target and back-
ground is denoted by AT (the target must be at a higher
temperature than the background), the signal voltage by V_ and

the rms noise voltage by V_ , the NETD can be obtained from:

AT.V
NETD =

n. (I.1)

S

It follows that, if the signal voltage equals the noise volt-
age, the NETD is the temperature difference between target and
background. Figure I.3 shows the general appearance of the
target-background arrange as well as a typical voltage
waveform for a scanned line. The observed DC droop is an
unwanted signal degradation due to the time constant of the
dc-blocking circuitry employed to couple the detector and the
required amplifying electronics and can be minimized
[Ref. 10, pp. 336-345].

Equation (I.1l) is a basic expression that describes the
concept of the NETD as a figure of merit. Appendix A provides
a detailed explanation of the measurement process and a
mathematical model for the NETD.

On the other hand, the more intuitive concept of DAS can
be defined as the angle subtended by the projection of the
limits of a detector on the object plane. It is customary to
denote the horizontal DAS by Ax, and the vertical DAS by Ay.
The time required to scan through an horizontal angular

subtense is known as dwelltime. Figure I.4 shows a magnified
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Figure I.3. NETD tardet and voltage waveform
(After Ref. 10, p. 167)

projection of the DAS on the object plane, as well as the
horizontal (HFOV) and vertical (VFOV) fields of view.

But this information is not descriptive enough. Thermal
Imagers have been mainly used to recognize and identify
"targets". Therefore, it is reasonable to look for a pa-
rameter that describes their overall performance in those
terms. As it is discussed in Appendix A, the NETD and DAS are
employed in the determination of a more elaborate and appro-
priate parameter: The Minimum Resolvable Temperature Differ-

ence (MRTD).




Figure I.4. Detector Angular Subtense (DAS) (After Ref. 10)

E. MINIMUM RESOLVABLE TEMPERATURE DIFFERENCE (MRTD)

The results obtained by Schade [Ref. 10, p. 183] for
resolution in photographic, motion picture, and television
systems were adapted by Genoud and Sendall [Ref. 10, p. 183)
to infrared systems.

Infrared imaging systems are commonly involved in recogni-
tion and identification of military ground vehicles. It was
shown [Ref. 27] that the probability of recognizing and
identifying a main battle tank is related to the ability of

the system to resolve bar targets in a laboratory experiment.




The infrared community has selected the MRTD test to be the
industry standard for characterizing the performance of a
thermal imaging system. The standard pattern was chosen to be
consisting of four vertical bars of 7:1 aspect ratio (the bar
height is seven times the bar width) on a background of
uniform temperature. The bar centers are separated by twice
the width of the bars. Currently, most MRTD measurements are
performed using this target.

The difference in apparent temperature between the target
and the background is controlled until the pattern becomes
recognizable. (If human observers are employed, majority of
opinions is required to accept that the target was recog-
nized.) That temperature difference which brings the signal
above the noise and makes the four bars visible is the value
of MRTD for the particular spatial frequency of the target.
Figure I.5 shows a sampie set of four targets of different
spatial frequencies. It is noted that as the spatial frequen-

cy increases, the overall target size decreases.

F. NECESSITY OF A MODEL

The need for a mathematical model to represent the MRTD is
quite obvious since it is the best tool a designer can count
on to forecast the task performance of a future infrared
imaging system. Unfortunately, in the process of recognition
and identification, the ability of the observer's eye and

brain to handle the image presented on the display is of

10




A

17

Figure I.5. Sample four different spatial frequency targets

fundamental importance, and then the model must include a
complex [Ref. 13] and not completely understood [Ref. 7)
process involving eye and brain.

The Ratches model [Ref. 5] defines the MRTD in terms of a
scanning system's elemental parameters and represents the
human eye-brain system by a matched filter. It is extensively
treated in Appendix A and is the basis of this work. A
typical predicted MRTD curve, corresponding to the sample
system (Appendix D) that is employed in this investigation, is

shown in Figure 1.6 (approximated).
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Figure I.6. Sample MRTD curve

G. MOTIVATION FOR THIS WORK

In spite of the success of the Ratches model, there still
is discrepancy between predicted and measured data. Several
authors have reported underestimation of the MRTD in the low
spatial frequencies (too optimistic prediction) as well as
differences in the high spatial frequencies. Figures I.7 to
I.10 clearly show this situation as presented by three diffe-
rent authors for four typical systems. Figures I.7 and I.8,
from Vortman and Bar-Lev [Ref. 8], include, besides the

Ratches model (represented by RL) and measured data, two other

models: LSI, not discussed in this thesis, and AMF, presented

12




in Chapter II. Both frequency and temperature are normalized
with respect to unknown (to this author) constants f, and K, 2/
respectively. In both figures a general optimistic behavior
of the Ratches model is observed. Figure 1.9 from Braddick
and ILudlow [Ref. 1] shows a calculated MRTD based on a
different, though similar, model [Ref. 24], and Figure I.10
from McCracken and Wajsfelner [Ref. 7] plots predictions from
the Ratches model. These two figures show a mixed behavior of
the Ratches model: too optimistic in the low spatial frequen-
cies and too optimistic in the high spatial frequencies when

compared with measured data.
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A.

II. ESTABLISHED MRTD MODELS

S8YSTEM DESCRIPTION

Only the effects of the four cascaded transfer functions

presented in Figure I.2 have been considered to obtain the

overall transfer function of the system. Expressed in hori-

zontal spatial frequency domain (f,), these are [Ref. 28]:

1.

Optical diffraction limit (Hope) ¢

Hopt(fx)=72r {cos™(A) -AY (1-A2) ) (II.1)

where A=(AFf /d)1000, F is the f/number and d is the
focal length using the units defined in Appendix D. This
strictly positive function is nonzero over the range of
the normalized spatial frequency, A, equal to [0,1]. It
is derived from the autocorrelation of the pupil function
of a spherical lens for an incoherent optical system.
[Ref. 10, pp. 99-103)

Detector spatial filter (H_,):

sin(wf, Ax)

Hdet(fx)=—T(1rfx 3 (II.2)

where Ax is the detector angular subtense (x direction).

Electronics (Hgg) ¢

1

1+[_i]
frx

Heteercs,o =

The MTF Hg ., is more commonly expressed as a function of
temporal f}equency. The conversion from temporal to
spatial frequency can be performed by the relation:

16




v (II.S)

where f is the spatial frequency,

f is the temporal
frequency and v,

is the horizontal angular scanning

velocity [mrad/sec]. [Ref. 5], [Ref. 9], [Ref. 28]
4. CRT display or monitor (H,)
2
(-af)) I1I.4
Hd(fx)=e X ‘ )

This is equivalent to assuming that the display can be
described by an incoherent point spread function with a
gaussian space dependence [Ref. 29].

Figure II.1 shows the four individual modulation transfer

functions and Figqure II.2 shows the overall modulation

transfer function of the systen.

1. NETD Calculation for the Sample System

The complete derivation of the NETD and MRTD models

presented by the Night Vision Laboratory are included in

Appendix A, where the NETD expression is repeated here for

reader convenience (A.32):

N =

4F2 (Af
NETD = (Af,)

1 (II.6)
0

3 L
2 (M) n*
Ay J:"’oou)—a-T—Dmdl

Several standard approximations are applied to (II.6) in order

to facilitate the NETD calculation. By 1linearizing the

specific detectivity (D%, = ).D'up)/lp), and considering the
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actual spectral bandpass of the system (8-11.5

integral in (II.6) can be replaced by:

. J~11.SaL(,\) ldl

Motp)P0p) | 4 T %,

Employing the approximation from Lloyd [Ref. 10,
based on the radiation slide rule,

9L, .1 c;

.~L
5T |15 370, Tp)
ATy

pm), the

(II.7.2)

p. 174},

(IX1.7.Db)

where ci=1.4388x10‘ [um °C] and T; is the background tempera-

ture. The evaluation of the integral in (II.7.a), for the

sample system yields 4.71x107° [watt/(cm® st°C)] and the ap-

proximate NETD (II.6) is then evaluated using specified values

taken from Appendix D:

NETD
_ 4(2.5)%/29400 [Hz)

n[st](o.005[cm])(0.8)(2x10W[EEL§EBE])(4.71x104[

watt
=0,36°C

B. THE RATCHES MODEL FOR THE SAMPLE SYSTEM

cmést°C

watt 1

As derived in Appendix A (A.62), the complete expression

for the MRTD using the Ratches Model is:
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MRTD

2
1’8_ ¥ NETD

v ly; Stict 2 2 2 2 .2 3
. mr_,‘l:mnmcr cHoBdcty, 10 Bres yHocr, yd ALy |

2 .2
%(fox)Lr_,Hr(fy)Hocfpdfv (II.8)
1

To obtain this equation Ratches et al. performed the following

basic steps:

1.

2.

The actual target consisting of four vertical bars is
assumed to be periodic in the horizontal direction.

The human eye-brain system is represented by a matched
filter consisting of one bar undegraded in the horizontal
direction and degraded in the vertical direction, i.e.,

Hutcty, 49 =Hribarct, £, 00t =HuctoHres, yHoct, ) (I1.9)

The signal is obtained by taking the difference between
the output of that matched filter when centered over the
displayed bars and when centered over the background.
The signal is referred to temperature units.

The noise in the display is assumed to be white and it is
referred to temperature units by means of the NETD and
the noise equivalent electrical bandwidth Af .

The signal-to-noise ratio present at the display is
improved by two factors related to the operator: the eye-
brain matched filter and the integration performed by the
eye over one eye integration time.

Resolution of the bars is considered to be achieved when
the signal-to noise ratio has exceeded a threshold value
¥. In the case of Ratches' paper, the experimental value
recommended for ¥ is 2.25 [Ref. 5), [Ref. 8). However,
Lloyd recommends a different value based on probability
of detection of single bars of 90 percent: ¥=4.5
[Ref. 10, p. 188]. Since this difference does not affect
the shape of the general curve, and in order to be
consistent with the plot presented by the latter, the
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simulation of the Ratches model is performed with the
second threshold value of signal-to-noise ratio.

The computer simulation of (II.8) for the sample system
provides the plots shown in Figure II.3 (linear and logarith-
mic scales). MRTDs are commonly expressed in Celsius degrees

[Ref. 5].

C. THE LLOYD APPROXIMATE MODEL FOR THE SAMPLE SYSTEM

The authors of the Night Vision Laboratory model [Ref. 5],
present some approximations to (II.8) to allow hand calcula-
tions. These approximations -acceptable only for low spatial

frequencies- are:

2 2
Lﬁ.nr(fy)no(f,)ﬂs(fy)dfy"l ' (II.10.a)
szﬁf(fy)}g«y)dfy'l: and (II.10.Db)
f:ﬂﬁigz HZ II.10
ZWJ: St 1Cfo) ELECT(fy) d(fx)Hi(fx)dfx-l ’ ( . .c)
rx

since from definitions of Hyexy @nd Hp,, given in Appendix C:

1
J'__Hf(,y,dffi , and (II.11.2)

1
J:]{S(fx)df,(:ﬁ . (II.11.b)

In addition, there is an assumption of white noise at the

input of the detector preamplifier,
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S
X =1. (IX.12)

' z
S it

Finally the response of the system in the low frequencies

satisfies:
HD .Hd-HELECT-l . (II . 13)

By using these approximations, (II.8) reduces to:

1
¥ NETD[ Ayive 2 fzx]i (II.14)

MRTD=2 2
8 THyer, | FrteBE, 7 °

which leads, for the sample system, to a simple approximate

MRTD expression:

fOX
MRTD«0.49 . (II.15)
(Fox)

Lloyd [Ref. 10, p. 190] obtains this simplified form by
working strictly in the temporal frequency domain. This
result, (II.15), convenient for some applications, is less
reliable for the recognition and identification task at higher
spatial frequencies than the more general form (II.8). The
computer simulation of (II.15) is presented in Figure II.4 and
compared with Ratches' predictions (II.8). A good agreement
is observed in the low spatial frequencies while the effects
of the approximations become noticeable in the high spatial
frequencies.

Note that according to (II.15), the Ratches model [Ref. 5)

predicts that the MRTD would go to zero as f -+ 0. Comparison
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with actual measured MRTD data, e.g., as shown in Figure I.9
and Figure I.10, indicates that the low target frequency limit
in the analytic expression (II.15) is not representative of
actual TIS behavior. This is one of the motivating factors
for the development of the visibility model proposed in the

next chapter.

D. THE VORTMAN AND BAR-LEV MODEL FOR THE SAMPLE SYSTEM

Vortman and Bar-Lev [Ref. 8], introduced another approach
for the MRTD model based on Ratches. The main difference with
respect to the original model is the inclusion of an adaptive
matched filter to represent the eye-brain system. This filter
is matched to the fully degraded target signal rather than the
traditional predetermined matched filter presented by Ratches.
Also, in the Vortman and Bar-Lev model, the target is consid-
ered in its actual spatial description instead of assuming
horizontal periodicity.

In general, any model based upon Ratches that uses the
actual full target spectrum rather than its horizontally

periodic approximation (A. 41) has an MRTD expression where:

2 1
8
Hoctoo 4 WJ:HT(fx)an(fx) (e

: (IX.16.a)
“z'f""’-l]df,

and, therefore:
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A‘l
v, Ay 1
x i 2 2 2 3
N Gjasf, M) °
J-..J‘_.HT“;. fy)HD(fx,fy)an(fx,fY) (e 1]df,af,
(I1.16.Db)

Equation (II.16.b) is a generic expression for the MRTD
compatible with the Ratches [Ref. 5], Lloyd [Ref. 10], and
Vortman and Bar-Lev [Ref. 4] models. What distinguishes these
models, within the context of (I1.16.b), are the matched
filter (H,) and the target spectrum (H,).

The adaptive matched filter employed in this model is a
single bar of the target as in the Ratches model. However, it
is different from the original, only degraded in the vertical
direction (A.60), since both horizontal and vertical degrada-
tions are now included. Therefore, in the spatial frequency

domain:

Hatcty, 1,0 = BuctoHror s Hopect,, £y Hdetcty, £ o Betectcs o a1y (IT 17.a)
Although Vortman and Bar-Lev include a transfer function
for the eye for (II1.16), this is not considered here in order
to maintain consistency with the other models analyzed.
These authors also discuss the consequences of employing
white noise assumptions in the model. This implies working

with a matched filter for white noise, instead of a theoret-

ically more realistic matched filter for colored noise. The




Vortman and Bar-Lev analysis for the colored noise MRTD led to
physically untenable conclusions, so the model was discarded.

Finally, after using the complete spectral description of
the target and the adaptive matched filter, (II1.8) is trans-

formed into Vortman and Bar-Lev model for white noise:

MRTD = ¥ NETD ’;ETD

VxAY; H H%,, H° H2 af,df,
W _.r_. ELECT(f,) d(fx,fy)HU(fx) TCfy) loptfy, fy)  det(fy, fy)

J:J:Hr(fx,fy)Hu(f,>Hr(fy>Ho(fx,fy> (e

N'—n

g _q)afaf,

(IX.17.Db)

which is plotted in Figure II.5 versus the Ratches model
(1II.8). It can be observed that here is a substantial
disagreement between both models, specially as spatial
frequency increases.

The reader can confifm that (II.17.b) is in agreement with
equation 16 from [Ref. 8] after noting that t,=Ax/v,.

The three models considered in this chapter represent
different concepts of visual perception. 1In all three cases,
discrepancies between predicted and measured data persist.
The need for improved modeling is the motivation for the

proposed models introduced in the next chapter.
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IXII. PROPOSED MRTD MODELS

A. MODIFIED VORTMAN AND BAR~-LEV MODEL FOR THE SAMPLE SYSTEM

As presented in Appendix A, the Ratches model is based on
the assumption of white noise at the input of the TIS. The
transfer function of the system obviously colors the displayed
noise as stated by Vortman and Bar-Lev, and therefore the use
of a matched filter for white noise (impulse response equal to
the spatially reversed displayed signal) should not be
considered. However, practical reasons require the assumption
of a matched filter for the white noise case.[Ref. 8]

If the input noise is assumed to be white as well as the
displayed noise, this implies the system's MTF does not affect
the noise spectral distribution. It follows that the same
criterion must be employed in the definition of the matched
filter, and no degradation should be considered for the
original bar in the direction where the noise is assumed to
occur (horizontal). Therefore, presenting a horizontally
degraded adaptive matched filter under white noise assumptions
is a contradiction that leads to inaccurate modeling. This
was evident in the computer simulations shown in Figure I.7
and Figure I.S8.

Two different modifications can be attempted on the

Vortman and Bar-Lev model:
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—4—

1. Matched Filter undegraded only in the horizontal direc-
tion (where the considered noise occurs):

Hatcty, t,0 =BuctoHres sy (Ratches) (III.1.a)

which leads to a modified Vortman and Bar-Lev MRTD (Mod.
No.l) after substitution into (II.16.b):

¥ NETD
A,

v AY1 2
[Wr-or HELECT(fx)Hd(fx,fy)Hu(f,() T(fy)HD(f ,af,df,

Gertym
r_.r_‘ Tety, b BuceoBres yHoct, 1 0Hocr (€7 ¥ -1]aL,Af,

MRTD =

N‘—n

(III.1.Db)

where, as explained in the early part of Appendix A, the
single-bar normalized spectrum Hy¢, can supplant the
four-bar normalized spectrum L P without loss in gen-
erality. x

2. Matched Filter undegraded in both horizontal and vertical
directions:

Hmf(fx.fy)=HH(fx)HT(fy) (III.2.a)
which leads to a second modified Vortman and Bar-Lev MRTD
(Mod. No. 2):

¥ NETD
T

MRTD =

[ V]

v, Ay; 2 ’ ,
2Af F t, r_.j:,HELECT(fx)Hd(fX,fy)nu(fx)ﬂi(fy)dfxdfy

(j2xf, M)
J:r.. "fxrfy)H""fx)HT(fy)HD(fx,fy)[e *¥7-1]df.df,

(III.2.D)
Figure III.1 shows the simulation of the first modified
model. The predicted MRTD is coincident with the one obtained

by Ratches.
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Figure III.2 shows the second modification, where the
results observed are essentially the same as for the first.
This demonstrates that the issue of degradation along the
vertical direction is irrelevant for a typical TIS like the
one employed in this work and that the Ratches simplifications

are correct in that sense.

B. A VISIBILITY MODEL FOR MRTD MEASUREMENTS

Today fairly successful MRTD predictors appearing in the
literature [Ref. 5], [Ref. 8], [Ref. 9], [Ref. 10, p. 190] are
all based on a signal-to-noise (S/N) analysis. The predicted
MRTD is subsequently determined by a threshold condition on
the S/N. In most cases these models generate an MRTD which is
directly proportional to the NETD. This parameter is defined
as the temperature difference between a large target and
background which leads to a S/N=1 under conditions that a
special reference filter is employed. The reference filter
has the effect of desensitizing the NETD to spatial fréquency
effects inherent to the system. Excluding the NETD, thé rest
of the MRTD will depend on inherent spatial frequency effects.

This motivates a proposed generic form for the MRTD:

which does not appear to be 100% consistent (see II.15) with
previous MRTD predictors discussed in the literature. None-

theless this form has significant physical appeal.
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In the low frequency limit the MRTD tends to be more
optimistic than the NETD due to eye-brain matched filtering
[Ref. 5], [Ref. 8]. In these established models the complex
[Ref. 14] and controversial [Ref. 25] task of treating eye-
brain filtering has to be addressed.

In the visibility model to be discussed, the complexity of
eye-brain modeling is sidestepped by not dealing with the NETD
directly. The low-frequency MRTD, which serves partially as
an NETD substitute, also incorporates effects of the MRTD
decision process. For the standard subjective MRTD this
involves eye-brain filtering. The analysis for the visibility
model concentrates on contrast reduction due to spatial
frequency limiting factors. Direct consideration of noise is
obviated.

This proposed model leads to a simpler development for an
MRTD predictor and appears to provide a more reliable tool for
forecasting the performance of a TIS.

As pointed out by Lloyd [Ref. 10, p. 210], the modulation
transfer function "correlates with recognition and identifica-
tion performance in noise-free imagery". The degradation
produced by the system to a rectangular wave in the horizontal
direction is considered and the amplitude of the resulting
wave is compared to a critical value'to determine the recogni-
tion of the target. Hypothetically, this threshold for
recognition could eventually be expressed as a function of the

NETD and other system parameters.
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Figure III.3 summarizes the salient features of the model.
The overall MTF is obtained from subsystem effects. The
thermal rectangular wave source is characterized by a period
1/f,, and temperature difference AT. The response's amplitude
AT, is guaranteed to be less than AT. The numerical curves
discussed in the next paragraph were obtained by applying the
computation algorithm shown in Appendix B on the sample system

described in Appendix D.

Thermal] . . . Degrad.
Souzce Optics Detec. Electr. isplay Signal
‘?
}L Change £ ox

Figure III.3. Modified Visibility Model Concept

The upper half of Figure III.4 shows the approximation to
a rectangular wave of spatial frequency equal to, e.g., 0.7
[cy/mrad) employing the first five harmonics of its Fourier

series expansion (undegraded target). The lower half of III.4
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shows the degraded version of that signal after passing
through the TIS (degraded target). Besides a loss of the
original shape, its amplitude has decreased.

Upper and lower portions of Figure III.5 show the indi-
vidual 5 harmonics in the undegraded and degraded targets
respectively (the latter shows the four highest harmonics
essentially canceled).

Since the degraded target is the available signal for the

. observer, it provides distorted information on what is the
actual difference in temperature in the target. If this
measured temperature difference is called ATs, then a param-
eter a that relates the measured temperature difference to the

actual one (AT) can be defined:

AT, (III.3)

= -
For the sample system, this parameter a is plotted versus
spatial frequencies in Figure III.6.
It is reasonable to assume that there is a minimum or
critical measured apparent temperature difference (AT, ) that
R an observer can resolve. By definition AT, corresponds to the

condition AT=MRTD. Thus:

rm'ro=ﬁ‘_'£_’° . (III.4)

Figure III.7 shows the resulting predictions compared with
the Ratches model for the sample system, with AT =0.23°C.

This critical temperature difference produced fairly close
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agreement with the Ratches model. 1In order to relate the
visibility model to previous descriptions, AT, can be ex-

SC

pressed as:

(III.5)

where B should be an empirical factor dependent on the mea-
surement process for recognition. Then, AT, clearly becomes
a new NETD-like parameter where the signal-to-noise ratio
improvement performed by the eye~brain system and the display
effects are included. For the simulation of this model on the
sample system, the B calculated from the NETD (see end of
Chapter II, Section A) was f=1.58.

The curves shown in Figqure III.7 demonstrate several
noteworthy trends. At low frequencies the visibility model is
not as optimistic as the Ratches model. At higher frequencies
this relation is reversed and the visibility model tends to be
more optimistic than the Ratches model. Figure I.9 and Figure
I1.10 show that measured data behaves similarly when compared
with the Ratches model. Therefore the visibility model has
excellent potential for serving as a more reliable performance

forecaster than the Ratches model.

C. INCLUSION OF SAMPLING ARTIFACTS. EFF:iCT8 ON THE RATCHES
MODEL
For systems considered here, as represented in Figure A.1,

the main sampling effect takes place along the vertical
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direction. This is due to the horizontal scanning being
performed on lines separated by an angular distance Ay, mrad.
This consequently leads to a periodicity of the spectrum of
the observed target in the vertical direction. The target
spectrum repeats itself every 1/Ay, [cy/mrad]. In Appendix C,
the full 2D spectrum of the four bars is derived. It is noted
that, consistent with specifications in Appendix D for the
sample system, the center-to-center spacing of the detectors
is taken to be equal to the vertical detector width. 1In a
well-designed system, the main energy carried by the aliases
crated by sampling should lay in the region beyond the cutoff
frequency of the overall MTF. In order to evaluate the
importance of this unwanted effect, a periodic spectrum is
considered here for MRTD modelling. Figure III.8 shows the
periodic (dashed) and aperiodic (solid) vertical spectrum of
a standard target of 0.7 [cy/mrad] for the sample system
(Appendix D). Figure III.9 shows how the system's MTF
minimizes this effect.

As an example, Figure III.10 shows the plot of the MRTD
according to Ratches, using a the new sampled H"ﬂﬁ. In this
case, as expected, there is no essential difference with
respect to the original model. This shows that the sample
system is correctly designed since the modulation transfer
function is such that the periodic spectra are essentially
filtered out and, therefore, sampling effects can be neglect-

ed.
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IV. COMPARATIVE ANALYSIS AND CONCLUSIONS

Some of the conclusions presented here are based on
computer simulations performed on the sample system specified
in Appendix D.

As expected, the Lloyd model demonstrates the best
agreement with the Ratches model at 1low spatial target
frequencies. However, as observed, there is a physical
inconsistency with the Ratches model at low frequencies. This
led to the generally recognized conclusion that a model that
provides a higher estimation for the MRTD at low frequencies
is needed.

The Adaptive Matched Filter (AMF) model by Vortman and
Bar-Lev employs a mathematically more technical application of
the matched filter treatment for the eye-brain than does the
Ratches model. Comparison between simulations and actual
measured data suggest that Vortman and Bar-lLev treatment
produces an unwanted and magnified disagreement between model
and reality in the high frequencies without obtaining any
improvement in the lower ones. The conclusion from this
comparison is that the eye-brain is better modeled as a
matched filter for the undegraded target signal, as originally
proposed 30 years ago by Ratches.

It was found in Chapter II and Chapter III, by comparison

of computer simulations for the sample system, that use of the
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exact four-bar target spectrum is not really necessary. Not
only can the spectrum be reasonably approximated by an
infinite square wave but Ratches' use of only the first
harmonic turns out to be quite good. This was demonstrated in
Chapter III, Section A, by redefining Vortman and Bar-Lev
matched filter (both modifications No. 1 and No. 2). The
results from the new models essentially coincide with the
Ratches model. This proves that the periodic assumption for
the target and the use of the first harmonic proposed by
Ratches (A.41) is a correct engineering approach. The results
obtained from modification No. 2 to Vortman and Bar-Lev con-
firm the general irrelevancy of including degradation effects
along the vertical axis within the matched filter as in the
Ratches model.

The proposed Modified Visibility model brings up a very
simplistic concept of the perception process. Although the
feasibility of a universally valid parameter g requires
additional research, the results seem to be in better agree-
ment with physical measurement than the Ratches model. Since
this has been only tested on the sample system, further
experimental simulations on different systems must be pursued.
It should be noted that this model does not suffer from the
unphysical condition that the low frequency limit for the MRTD
equals zero. It was demonstrated in Chapter III, Section C
that the Ratches model exhibits this defect. The possibility

that this problem is endemic to all models based on a S/N
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calculation needs to be studied. Furthermore the general
development of the visibility model makes no assumptions on
the nature of the decision process. For this reason the modi-
fied visibility model has significant unexplored potential as
a mathematical framework for objective MRTD modeling.

Finally, it was demonstrated in Chapter III, Section C
that the inclusion of sampling artifacts, tested on the sample
system, hardly affected the MRTD calculation. In order to
evaluate the impact sampling effects will have on the MRTD
calculation for an arbitrary system, the approach presented
in Chapter III, Section C should be applied.

For readers interested in a more detailed description of
the computer simulation algorithm a flowchart is provided in

Appendix B.
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APPENDIX A - INTERPRETATION OF THE RATCHES MODEL

The inclusion of this appendix serves two important
functions. First, it provides the necessary background to
make this thesis fairly self-contained. Second, the evolution
of concepts surveyed here includes additional physical
interpretations not provided in the original manuscript
[Ref. 5]. From a pedagogical point of view these additional
enhancements are essential to the fundamental understanding of
the original work.

The model presented by the NIGHT VISION LABORATORY in 1975
[Ref. 5], better known as the Ratches model, predicts system
Noise Equivalent Temperature Difference (NETD), Modulation
Transfer Function (MTF), Minimum Detectable Temperature
Difference (MDTD), and Minimum Resolvable Temperature Dif-
ference (MRTD) for any scanning thermal imaging system. An
important characteristic of this model is the fact that it
represents the image processing that takes place in the eye-
brain system by a matched filter [Ref. 5], [Ref. 8]. Although
this assumption may not exactly correspond to what really
occurs in the complex process of visual recognition, [Ref.12],
[Ref. 13], [Ref. 14], [Ref.15], it has shown a remarkable
success and has been widely accepted by the infrared communi-
ty. The present appendix follows the steps presented by

Ratches and Lawson in the report "The Fundamentals of Thermal
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Imaging Systems" produced by the NAVAL RESEARCH LABORATORY in

1979 [Ref. 30].

A. PRELIMINARIES
From linear systems theory, it is known that the output
signal from a system is equal to the input signal convolved

with the impulse response of the system, i.e.,

ioy = dicey * Dgyy = .r__ itry Beer@t- (A.1)

where the subscript i stands for input and the subscript o for
output.
In the frequency domain, the Convolution Theorem can be

applied to (A.1l) to obtain the expression:

Loy = Licey Henyo (A.2)

where I,, is the Fourier transform of i ,, and H,, is the

ot
transfer function of the linear system.
If cascaded systems are considered, the Fourier transform

of the output signal is:

Locer = Ticey Haury Haerye o - (A.3)

where H,,, and H,, are the transfer Functions of the first
and second systems respectively.

To characterize the effects of noise generated by a wide-
sense stationary process such as that found in most thermal

imaging systems, the autocorrelation function of the noise
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needs to be employed. This operation, for finite power
signals, is defined as:

T
. 2 g
Rﬂ”=11m,...'[_ 1E i eendt (A.4.2)
2

which ‘can be represented for the real noise signal n,

Ry = < Neey Neeary = ¢ (A.4.D)

- where brackets indicate average. A random process is said to
be wide-sense stationary if the statistics corresponding to
average and autocorrelation do not depend on the location of
the time origin [Ref. 31]. Expressions (A.4) have already
incorporated this assumption.

The power spectral density (PSD) of the noise can then be
found by taking the Fourier transform on the autocorrelation

function (Wiener-Khintchine Theorem [Ref. 31, p. 458]):

S(f) = .9 {R(,)}o (A. 5)
After passing through a linear system, the output PSD is
[Ref. 32]:

Sacy = Sup Hff)’ (A.6)

The time variance of a measured signal due to the noise
generated by a random process of mean equal to zero is related

to the noise spectral density as follows:
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a=’<ni,> (A.7.2)

or, in the frequency domain,

To avoid the use of negative frequencies, a one-sided noise

PSD, S is defined such that:

'
)’
0? = J‘o's'm at. (A.8)

A matched filter [Ref. 30) "is a filter whose response
function is a delayed (shifted), time-reversed (spatially
reversed) version of the signal". Thus, if the signal is
defined as i1”, the impulse response of a matched filter

results:

hpey = K iy gy (A.9)

where K is a constant. For convenience this arbitrary con-
stant will be taken to have the ideal value 1 and units of
(time)'. This kind of filter maximizes the signal-to-noise
ratio at time t=7, considering, a) the signal output is the
peak of the autocorrelation of the input signal and b) the
input noise that assumed to be additive and white. This
assumption is approximately true for thermal, shot, genera-
tion-recombination and radiation (or photon flux) types

of noise [Ref. 33].
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Any 1/f noise component in the low frequencies and the
high-frequency roll-off are ignored in the model. Assuming

1=0, the transfer function of such a matched filter is:
Huty = K Igy,. (A.10)

The final MRTD expression depends only on the magnitude of the
matched filter. Since linear transform theory predicts that
the magnitude of a transfer function does not depend on a
shift in the corresponding impulse response, the assumption is

justified.

B. DERIVATION OF THE NOISE EQUIVALENT TEMPERATURE DIFFERENCE

(NETD)

The definition of NETD employed in this model is [Ref. 30]
"that input temperature difference for a ‘large' target (a
large target being one whose size is large relative to the
system response function) which is required to generate a
signal (voltage amplitude) just prior to the display (or after
the detector preamplifier) which is just equal to the rms
noise (voltage) at that point, assuming that the filtering
action of the electronics prior to the measurement point
corresponds to that of a 'standard' filter." 1In other words,
the NETD is the temperature difference between a large uniform
target (which implies low spatial frequency) and a uniform
background that produces a signal-to-noise ratio equal to 1 at

that point.
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It can be assumed (Figure A.1l) that each detector plus the
associated preamplifier form a linear system with a impulse

response function:

Noergrecrar, vy = T, * Peteercn [volts/watt], (A.11)

where oo is the response of the detector [volts/watt] and
Bg ecrry Yepresents the response of the preamplifier and the
associated circuitry. The signal incident onto the detector
can be represented as a function of A and t, in which the

wavelength and time dependence are separable:

Pu,o = &y iy [watts/um) (A.12)

The quantity P can be considered as the time-varying

O,
spectral radiant flux falling on a detector. The function 4¢,,
is the wavelength dependent part [watts/um]}, and i“) a
normalized (peak value equal to one) time function. The
response at the detector is then obtained by extending the
linear systems result (A.11) and integrating over wavelength.

The output voltage v from each detector-amplifier system is

s(t)

obtained as:

Vetty = J:Mmim * X, ey * Deererydad [volts] (A.13)

which corresponds to a detector-amplifier system like the one
presented in Figure A.1.

To simplify the expression, it can be assumed that the
one-dimensional transform of r, ., is separable into a wave-

length and a frequency dependent part R, and R.,, such that:
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Detectors Amplifiers
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{A,t) 7 P(l,t:) hnz'r-zwcru.t)

o lI—b—

Figure A.1l. Detector-Amplifier system

Ry, ¢
8 {r(a,t)} = Ry, t0 R(x, 2, (A.14.2)
O, fp)
where:
Ry = R(,\,f,.)r (A.14.D)
and
R
Rigy = RO'” . (A.14.0)
O, fo)

In expressions (A.14), f_ is a convenient reference frequency.
A specific guideline for choosing this reference frequency

will be discussed later in this Appendix.
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Then, taking the one dimensional Fourier transform of

(A.13) and inserting (A.1l4.a) leads to:

Veery = J: A,y IyRoyRenHeweercrydr [volts/Hz) (A.15)

which follows from the linearity property. Simplifying (A.15)

produces:
Veery = I(f)R(f)HELECT(f)J: ApyR(ydd [volts/Hz].  (A.16)
Therefore
Veery = i'm.[: Ab,,R(,,dA [Volts], (A.17)
where:
(A.18)

1%y = 1¢ey * Loy * Deeerceys

and where Tiey is the inverse transform of R“>.
Inherent to the definition of NETD is the concept of

instantaneous signal-to-noise ratio which is represented as:

= vﬁt) (A.19)

S—
N c

[4

sty 1S the cor-

where o is the rms noise voltage (A.7) and v
From (A.6) and

responding signal after the preamplifier.

(A.8):
1
(A.20)

) -
g= [J: S' i HerecterydE) 2
and therefore,

57




s it (t)J:M’mRmd)'
N . (A.21)

2
[J:S 'ietrHeLeer(s) 9L

[ XY Y

Equation (A.21) provides the basis for the NETD calculation by
setting the signal-to-noise ratio equal to one. However, it
needs fo be recast as a function of more standard parameters,
including (obviously) the temperature difference between the
target and background AT.

The authors of the model included here a very reasonable
assumption by taking i' ,=1. This is qualitatively explained
by the fact that the normalized time function i ,, must be
equal to one at the midpoint of the signal (scanned target)
where i'cn is measured. As represented on Figure A.2, for the
horizontal scanning of the target, the duration of i, is much
greater than the response functions Yy and hgeeqe,,- Therefore
r

(y and hg ... are assumed to have approximately delta-

function like behavior, which leads to the condition i',  .=1.

(t)

In order to recast (A.21), the concept of Spectral Noise

Equivalent Power (NEP,,) must be introduced:

)

Ay
NEP,, =

[watts]

s(2) (n.22)

o

where:
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I
(t)
hELEC'I'(t)

:<{Z (t)

[

Time (arbitrary scale)

Vs = &Ry [Volts/um]. (A.23)

Note that since the NEP is defined for constant optical flux,
the time dependence in this context has been dropped.
Equation (A.22) implies a linear relation between the optical
power and the resulting voltage signal, as shown in Figure
A.3. The slope, R,,, of this linearArelation depends on wave-
length. Definition (A.22) is in agreement with the more
standard NEP definition in which a narrow band filter, AA, is

employed [Ref. 34].
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Figure A.3. Optical power versus Signal Voltage

A Spectral Specific Detectivity, If“,, is defined as

[Ref. 33, p. 270]:

1 1
. (BAf) % op szl (A.24)
o) NEP,, watts °’

where Af is the noise equivalent electrical bandwidth (in Hz)
of the circuitry considered in the noise measurement and A, is
the crea of the detector (cm’]. If Hg.,,, represents the
overall transfer function of the preamplifier-measurement

device system, the noise bandwidth Af is defined by

[(Ref. 30]:

60




5"ty 2
Aﬁs=losaﬂf)ﬂﬂnnndf (n.25)
r

such that by direct comparison with (A.20):

o=s'i(fr)Afn- (Aozs’
Therefore, after substituting (A.22), (A.23), and (A.26) into
(A.24), it is found that:

1

2
. _  AJRy,
) 1
2
(S'ict)

(A.27)

This leads to a new expression for the signal-to-noise ratio:

S J:M(A)D:x)dl J:MQ)D;\)dl

N g1 T T (a.28)
a I B ecrer,dE1 2 Af,] 2
( d-‘:s'i(fr) eLect(H AL} [Ag0L,]

Next, the model assumes for a simple imaging system:

Ay = ﬂdno(”%‘(_‘\)AT (A.29)
where:
Moy = OPtical efficiency of the viewer,
F = f/number= focal length (d)/diameter of the
aperture stop (D) [Ref. 33, p. 179],
T = Temperature,
L,, = Spectral Radiance [watts/(cm? steradian um)] from

)

the source.
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This follows after noting that the approximate solid angle

subtended by the lens (with respect to its focal point) is:

2
ﬂ(D T
nlm = = 3

q? 4F2

The expression (A.29) describes the focusing process performed
by the lens and the subsequent collection of the energy
focused onto the focal plane by each detector. It also implies

that the spectral irradiance onto the detector R, is:

JL
nm-%*_- 4"2n°m_a.QAT (watts/ (cm? um)]. (A.30)

Finally, after substituting (A.29) into (A.28):

1

3 oL,
TA ATJ:nom_a_"Dmdl (A.31)

N
4F%(Af,) 2

By setting the signal-to-noise ratio equal to one, AT

becomes the NETD:

1
4F2(Af,) 2
- (4f) [°C]. (A.32)

3 oL
Ay z_l:'lom '—5(—” Di,,d4

NETD =

There is one additional condition. By convention the NETD
parameter assumes the use of an external measurement filter.

In essence this restricts the measured signal-to-noise ratio
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to be dependent on parameters such as the detector angular
subtense (DAS), but not the bandlimiting components making up
the TIS. The external filter should be designed such that the

overall MTF will satisfy:

2 1

Heteerohy™ ——
1+ f)z (A.33.2)

where the 3-dB power bandwidth meets the condition:
£=-1 (A.33.b)
ro2rg

where 71, is the detector dwell time. It follows from the defi-
nition (A.25) and the white noise condition, Si'ty/Si " (sey=1+

that:
T
Af =f (A.33.¢)

which was determined through use of a convenient table of
integrals [Ref. 35]. For consistent comparison of NETD
associated with thermal imaging systems the noise pandwidth
should satisfy (A.33.c). |

For a single detector system, with 100% scanning efficien-

cy, the dwell time is given by:

AxAy

_1
"= F, THFOV) (VFOV) (A.34)

which follows from the geometry shown in Figure I.4. Ex-

tending this result to cover non-unity scanning efficiency and

63




overscan ratio as well as systems based on a parallel detec-
tion scheme, leads to:

£ = 1 _ (HFOV) (VFOV) F_ ngysc
. =

= A.35
214 2n,AxAyn,, (1z) ¢ )

where:
HFdV = device horizontal field of view [mrad]
VFOV = device vertical field of view [mrad]
F. = frame rate [Hz]
= overscan ratio for the device
n, = number of detectors in parallel

Ax = horizontal detector size [mrad]

=g
(v
0

vertical detector size [mrad]

scan efficiency (fraction of time spent in actually

3
[
o

1

scanning the field), and
T4 = dwell time (time the detector takes to scan a

picture element AxAy) [sec].
Again, it is important to remember that the actual system
noise bandwidth is the one stated in (A.25), and that the
approximation given in (A.33.c) is only valid if the measuring
device, which includes H%, ..., is adjusted so that the true
bandwidth of (A.25) equals the standardized one of (A.33.c).

A demonstrative plot of Af and H? for the sample system

ELECT(f)
employed in this thesis is presented in Figure A.4. The
physical interpretation is that the area under the curve is

equal to Af..
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Figure A.4. Noise equivalent bandwidth (Af,) and H eerery

A standard approximation which is usually used to simplify

(A.32) is introduced in Chapter II, Section A.

C. DERIVATION OF THE MINIMUM RESOLVABLE TEMPERATURE DIFFER-

ENCE (MRTD)

The standard target with which the MRTD has historically
been measured and modeled consists of four bars in which the
height (L) is equal to seven times their width (W), equally
spaced by a distance W. The derivation for the MRTD that
follows considers this standard pattern and assumes no

sampling effects along the direction of scanning. Probably
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the most important assumption of this derivation is the repre-
sentation of the perceptual recognition process that takes
place in the eye-brain system by means of a matched filter.
For a viewed object (the image obtained from the system)
characterized by the dimensionless spatial function iogn' such

a matched filter would have a response function:

Bugex,yy = K i,y (A.36)

where K is a constant that can for convenience be set equal to
one, but will carry the standard units for a 2D space domain
matched filter [angle’?].

From the space domain version of (A.6), the output rms

noise from that matched filter would be:

1
) 2 3 (A.37.a)
Npt = [ _.J:S(f,,fy)Hmf(f,,fyxdfxdfv]

where H_, is the Fourier transform of the matched filter

impulse response (A.36). It follows that:

1
2 3 A.37.b
N, = K[J:J': Sett Tatg,tyydExdEy] 2 - ( )

where S"xfﬁ is now the double-sided PSD of the observed noise

and I«,J,) is the 2D spatial Fourier transform of iTLyY

Mainly because of the MTF degradations that must be
considered, the authors explain the computational advantage of -
assuming the matched filter as one established for a " (poten-

tially) infinite periodic pattern".
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In the direction of scanning (x) the matched filter is
defined as an undegraded rect function of width equal to the
width of the bars. In the other direction (y) it is just the
degraded rect function of width equal to the length of the
bars. This can be explained by thinking of the human eye-
brain system as one prepared to recognize four vertical bars.
The horizontal direction being critical, the observer expects
sharp edges along x (regardless of the sharpness in y) to
accomplish the recognition process. Figure A.5 shows this

concept.

Vertical Degradation

Horizontal Non-
< Degradation

Figure A.5. Ratches matched filter

Because both signal and noise are passed through the same
matched filter the choice to use a single bar representation

is only one of mathematical convenience.
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To perform the MRTD derivation, Ratches et al. started by
defining the signal energy per unit angular area of the

display as:

k AT i,y _ Joules !

x," Ay, v, — ’ (A.38)
where:

KAT = watts emitted by a display element for a large
target with a temperature difference AT with respect
to background,

Ay, = angular distance between scan lines (Ay/ng..).

v, =

" angular scan velocity of display element (4x/7.),
ixmn = spatial distribution of viewed object

ik, * Box,yye

dwell time,

Ta
iumn = spatial distribution of the original target, and
hb(x,y) = system response function.

Equation (A.38) provides a useful rule for conversion between

temperature and energy units. Proportionality with AT

reflects the AC coupling inherent in most FLIR systems.
Formally expressed, the assumed periodic target i,,

Y
results:

iT(X.Y)=Sgn(Sin(21rfoxx) ) i]’(y)- (Ao 39)
where f is the horizontal spatial frequency of the target

measured in cycles/mrad. This implies that the function i, .,

can be separated into two independent functions along each
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dimension such that iuxa0=iTU)iﬂy)‘ Figure A.6 depicts a

sample i;.,-

iT(x)

() Mo D x

Figure A.6. Sample i,

The periodic model for the target is acceptable‘if the
output signal is seen as the difference between the energy of
the target passed a) through the matched filter centered over
the target and b) through the matched filter centered over the
background.

Applying (A.38), and the concept of periodic matched

filter, the signal used in the MRTD calculation will be:
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k AT . . | k AT . Joules
S=Ma b § * -M1 i * [——=2] (A.40)
Ay, v, o hlnf(x,y)] Ay, v, o Dot (x,v) —— ]

representing the dynamic range in the energy signal.
In order to simplify the derivation, the model assumes

that the function i can be approximated horizontally by

x,y)
using fhe first two terms of the series expansion of itexy+ The
resulting sine expansion chosen by the authors corresponds to
an odd i,,,.- An even function is used in Appendix C which is
consistent with a centered target in the object plane. This

difference is not relevant for the final result. Thus:
Lxy=[0-5 + Hyi 72, sin(27f,,x)] i, (A.41)

where iuo is the degraded vertical function that corresponds
to the length of the target. Therefore, substituting (A.41)

into (A.40) leads to:

1

-, kK AT 2 2oy s Joules
s zm?ﬂ""ox’L sin(2n£,,) (2f°,)dxﬁ1(,y,a,,,,(,y,df, [——]

(A.42)

In the calculation of (A.42) the DC term in (A.41) can-
celed out. Both Min[{] and Max{] terms in (A.40) contribute
equally. As discussed in Chapter IV, the replacement of the
full periodic spectrum by the first two terms turns out to be
an extremely good approximation for the sample system speci-

fied in Appendix D.
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In equation (A.42), the horizontal integral is evaluated
in space and the vertical in spatial frequency. The first

integral uses a matched filter of width 1/(2f and an

ox)
amplitude of 2f , under the convention of a normalized area
of one (H“ﬂ=1 for £=0). The first integral equals 2/7 and

the second one can be simplified since:

Hutetyy = Hryy Hocr (A.43.2)
and
Ity = Lo Hpery Hoer (A.43.b)
where:
L = length of a bar [mrad],
H = normalized transform of the target along the y

direction (see (C.11)), and

“oup = normalized transfer function of the overall system
along the y direction.
Finally the expression for signal considered for MRTD can

be recast to:

k AT L 8 2 2 Joules
S=ay v | w2, , df, [2oules .

With respect to the noise analysis that will be used, the
model starts by recognizing the need to produce an expression
for the power spectrum of the displayed noise. The noise on

the display is given by the following equation:
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Joules
Nix,yy=Y PicoyScy-yiy*aeyy = X PicoNaty-vi [—mradz 1 (A.45)
i i

where hg., is the impulse response of the display in the y
direction. The function b;,, is related to a voltage noise
function, along the i* video line, which has been converted
to a one-dimensional radiant function by the display, and the
spread produced on each line of the monitor (represented by
the convolution). Therefore, n, ., includes the noise contri-
bution of all the scanning lines on every single point of the

display. The autocorrelation of Ny vy is:

<"(x.v)"(x7.y.,)> = <E Z bi(x)bi(x.,)hd(y-vi )hd(v,-y-)>
rafir- i
i)

A.46)

= Joules . (

=3 Y <bicobjogy>Paty-vpBacyvp [ — ]
i

mrad?

since <[]> represents averaging along the x direction, where
the random process takes place.
Ratches et al. assume a noise with mean equal to zero

(<b,

itxy>=0) - Then the result of <b,

1(x) b

jm’_)> equals zero for all
values of i and j except for i=j since b; and b; are indepen-
dent random processes, except for the case i=j. Then, the

autocorrelation becomes:

Rtxx,yy,)=<n<x,y)"<x,,y,)>=z: <B;i(y)Pix,)>Ndey-y; ) Pdty,vid)  (A.47)
1

Assuming all the video lines are statistically equivalent,

<b;(xy Pi(x,y> is independent of i, and therefore:
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R(xx.,w,)=<b(x)b<x,)>z: hd(y-vi )hd(YrYi) . (A.48)
]

After approximating (A.48) by an integral (i.e., the sampling
artifacts of the display are being ignored), the resulting

form is:

o1
Rixxsyye) “<PxyPixyy” Er_.hdw-y; YWy, -y; Y (A.49)

where Ay, is the angular spread between adjacent vertical
video lines.
This equation can be recast by using the appropriate
change of variables:
P=Y,~Y;
Y=y-y,
X=x-X,
Assuming the process in x is wide-sense stationary (<b00b00>

depends only upon x-X.):

1 = )
Rexysy =Rexxyyyy) =~ <PexyPix,»> Ay, f o PacprPacrpy AP - (A.50)
1

Then, to obtain the power spectrum of the noise, the Fourier

transform of R is performed:

(XY)

-jorf,X 1

. Joules?
s(fx.fy)=J:<b(x)b(x,)>e dxwﬂd(fy)nd(fy) (———-1] (A.52)
1

mragd?

after use of the Correlation theorem [Ref. 39]). The Fourier
transform of <b00b“ﬂ> generates the voltage noise PSD (prior
to the display) " provided the units are properly transformed
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from 'voltage' and ‘'voltage' space to radiant energy and
display space [Ref. 30]". In other words, S(,x',y, is the

displayed noise PSD and it is expressed in radiant energy

units/mrad. Assuming s(fx'fy,=s(fx)s“y) , where:
= -j2rtyx Joules?

S(fx) - J-:<b(x)b(x.,)>e *dx [W] (A.52.a)

S f = rl de )H. [_1_] (Aosng)

Noting that there is a linear relation between voltage and
radiant energy, S¢,y can be reinterpreted as an electrical,
optical or thermal noise PSD provided the appropriate unit

conversion is performed to leave S(,"fy, unchanged. Applying

(A.6):
2
S°(fx)=si(fX)HELECT (f) (A.53.2)
or
or L g A.53.b
S°<fx)'rsm Hepgcer (fy) [POWer em units Mrad] (A.53.Db)

rx

where I' is a constant such that the expression can be referred
to temperature units instead of volts. This is performed in
order to make the units of the noise compatible with those of
the signal. In the next paragraph it is shown that the
correct power temperature units is ('C)z.

To determine the value of this constant I', the concept

from (A.19) can be used. If both signal and noise are
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expressed in temperature units, by setting S/N=1, the signal
(NETD by definition) is equal to the rms noise voltage, and,
since f (temporal frequency)=vx (scanning velocity) . £, (spatial frequency in x),
(A.20) can be recast to:

5"t 2 ] ) ras 1
NETD=0=[ [T o Hiiger (gp@E] 2=[T AL,) 2=[——)2 [C] (A.54)

]
i(frx) X

where Af is the noise bandwidth defined in terms of spatial
frequencies. Using the more commonly seen reference bandwidth

in Hz, the constant I becomes:

[*C? mrad) (A.55)

Then, the noise power spectral density (A.52.a) in x can be

represented by:

. S.
2rf (fy)
J:<b(x,b“',>e’ *dx - NETDZI%PVX_;_(%H;ECT ¢t [*C? mrad] (A.56)
n r

x)
where the arrow indicates an allowed substitution. after
converting from voltage to thermal units.

Since an expression for the displayed noise power spectrum
is expected, the temperature value of the NETD must be
converted into radiant energy, following a similar approach as
in (A.38). Then:

NETD' »k.’i’iﬂ) [Joules/mrad) (A.57)

X

and after substitution of NETD' for NETD in (A.56)
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j2nf x k2 NETD? Sitfo .2 Joules?
<b,.\b,, >’ dx - —*H Joules ,, A.58
L {(x) (Xf) vafn Si(frx) ELECY (fx) [ mrad ] ( )

Thus, recombining (A.51), and including the display transfer

function along x (H«&)):

_ X2 NETD? Sitfe 2 2 Joules?

= 3. (A.59
Sttuty VAGALE, Sigq 5 tollactyty | mrad? - )

As previously stipulated, expression (A.59) for the displayed
noise spectral density has the same dimensions as (A.51). From

(A.10) the matched filter can be defined as:
Hutcty, £y0= (HuctoHres, ) Hocr,y) ” (A.60)

where wa,) is the normalized undegraded Fourier transform of
one bar along x (See Appendix C). After substitution of

(A.59) and (A.60) into (A.37.a), the matched-filter noise

(perceived noise) results:

1
]

_| X*NETD? S'ictto 2 2 s 2 2 3 .61

e = vxKYiEn-[:J:S'i(frx)HELEcT(fX)Hd(fx:fy)HV(fx)HT(fy)HD(fy)dfxdfy ( )

[Joules/mrad?].
It is noted that, as required by the S/N calculation to be
discussed in the next paragraph, (A.61) and (A.44) are dimen-~
sionally consistent.
Finally, the expression for the MRTD results from combin-
ing (A.44) with (A.61) and solving for AT with a threshoid va-

lue of signal-to-noise ratio Y. An improvement factor of F .t,
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(frame rate x eye integration time) is applied to the signal
since it is assumed a process of summation of the signal and
noise over the frames in an eye integration time. Thus, the

MRTD expression obtained is:
MRTD

me
8

B 2
Ho(f,,,)Lr_,Hr(f,)chfy)dfv

AYivx

' 1
NETD? S0 2 2 2 .2 3
V.Ay,ALF ., nFrter‘J:—S'i(frx)HELEtT (fx)Hd(fx,fY)B\ZJ(fx)HT(fy)HD(fy)dfxdfy

or

2
’% ¥ NETD

B 2
Ho(fox)LJ:Huf,)Hg(f,)dfy (A.62)
1

Vi Ay; S'icto 2 2 2 .2 2
mr_,]:m“mcr toHaey, 1, BuctoHrce, Hoce,yAEAL
rx

Expression (A.62) may be somewhat misleading since an osten-
sible dependency of the MRTD on the frame rate (F.) shows up.
However, the NETD has a similar dependence on the same
parameter (equations (A.32) and (A.33)) and the overall effect
cancels out. As pointed out by Lloyd's observations
[Ref. 10, p.189], the MRTD does not depend on the frame rate.
It is worth noting that, in the 1limit f, -+ 0 [cy/mrad],
the MRTD is actually lower, i.e., more optimistic, than the

NETD (A.32). This is qualitatively explained by the intro-
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duction of an eye-brain matched filter. It has been deter-
mined that the improvement factor for the sample system (App-

endix D) is approximately 1.58. See Chapter III, Section B.
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APPENDIX B - DESCRIPTIVE FLOWCHART OF SIMULATION

INPUT SYSTEM
DATA

CALCULATE
MRTD VISTBILITY —-
visn | svose |
I
T ARAMETER
a
)
1
MEASURE PEAK-TO-
PEAK DEGRADED
AMPUTUDE (4Ts)
I
RECONSTRUCT
DEGRADED
RECT. WAVE
1
MULTIPLY: m
ce
Hp (m - fox)
T
SELECT ALL
Hp(m - fox)
INTEGRAL I
DENOMINATOR MEASURE PEAK-
ms TO-PEAK
T AMPLITUDE (AT)
INTEGRAL I
NUMERATOR GENERATEFS
s (mHARM) OF RECT.
1 WAVE AND ADD
CALCULATE I
MRTORSCE | | cacuuatemsro
RATCHES [ store |
1 W/SAMPLING
P
« fs, NEW INTEGRAL
- NUMERATOR
VBL ———r 1 ms
INTECRAL T
DENOMINATOR
m175) NEW INTEGRAL
DENOMINATOR
1 e
INTEGRAL I
NUMERATOR
w17k GENERATE NEW
T PERIODIC SPECTRUM
HT(fy)
MRTD VORTMAN T
AND BAR-LEV
@170 CALCULATE
ST
mve, —==—d > TO VBL @it2.b)
2 ‘
DENOMINATOR
b INTEGRAL
NUMERATOR
i anab)
INTEGRAL
TOR
)
I
CALCULATE
m MHTD MOD. NO1
TOV-B-L (1.1
]
MaveL =
INTEGRAL
DENOMINATOR
agab
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APPENDIX C -~ EXACT FOUR-BAR FOURIER SPECTRUM

The standard 4-bar pattern and the coordinates considered

in this work are shown in the Figure C.1 :

W y
l | 7/2 W
-3W -W w 3w
7 W } } } } X

4 4

-7/2 w
W = Angular width of a bar

Figure C.1. MRTD Standard target

The bar pattern can be represented by the following two-

dimensional function:

) _ [ x-W X+W xX-3W
Ly = [ Rect( W )+ Rect( ] )+ Rect( w ) (C.1)
X+3W Y
+ Rect ( - ) ] Rect ("'ITV)
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The two-dimensional Fourier transform is defined as

follows:

. . =i Ckyex + ky.y )
oo it ) = J: J: iy @ Y dax dy  (C.2)

where k, = 2nf, and k = 27f . Both spatial frequencies, f, and
fy, are expressed in cvcles/mrad.

Since this two-dimensional function can be separated in

two independent factors such that i, v = iT(x)iT(y)’ the two-
dimensional Fourier transform can be expressed as:
I iz 1 = Fiol vy 3 Fp Ldgeyy ) (c.3)
Then:
3 (c.4)
Zo{ Rect (.’f) } = Jzu T gy = 2 sin(k ) )
W - " 2

Applying Shifting theorem for the four bars cf the target:

Fplirg) = isin(kx E) [e
T, 2

-j jkoM -j3k, M 3k, W
;kxu+e;, ”‘+e’3"

+ e ]. (C.5)

_)f_[- sin(k,E) + sin(3k9) -
o 2 2 (C.6)
sin(Skx%’) + sin(7kx¥)]

- W[-sa(k, ¥) + 3sa(3k N) -
wz 2 (C.7)
SSa(SkXE) + 7Sa(7k,‘—3)]

where Sa(u)=sin(u)/(u). Similarly, in the y-dimension:
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73 it
-Zo{lr(w}:f ve 7dy =

2
-7 3 ky

7 W Sa(7k,3)

. W
s:.n(7ky5) (C.8)

Finally, the two-dimensional Fourier transform of the

standard 4-bar pattern results:

Fnlirenyy) = 7w2[—Sa(ng) +3Sa(3kx‘_;) -

(C.9)
W W W
SSa(Sk,‘E ) +7Sa(7kx§) ] Sa(7k¥5)
or expressed as a function of £, fy:
Ircty by = Tmlirea,y) = TWo[-Sa(m£,W) +35a (3TEW) - (C.10)

5Sa (57 £,W) +7Sa(7n£,W) ] Sa(7rf W)

which is coincident with the expression employed by J.G.
Vortman and A. Bar-Lev in the model discussed in Chapter II
[Ref. 8].

The target spectrum is normalized to obtain the unitless
Hmy,, Hm‘), and Hy,,, employed in the Ratches [Ref. 5] and Vor-

tman and Bar-Lev models [Ref. 8)]. Thus:

Lreey W
Hiy = =3 = Sa(7k3), (C.11)

vt 2 W W
Ht(fx)= y ‘:z 7i[-Sa(k,‘E) + 3sa(3kx_2_) -

SSa(Skx.g) + 7Sa(7k,%’)], and

(C.12)
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X
ect|=
Rect|X)

W (C.13)
Hycen= 10{—w—}=sa(kx§) .

A plot of the normalized two-dimensional spectrum, is
shown in Figure C.2, where an angular width of the bars W=1
mrad and a normalization factor of 1/(28W?) are used.

Figures C.3 and C.4 show the normalized spectrum expressed
as a function of f' =f W (along the x-axis) and £' =t W (along
the y-axis) respectively, for the same angular width and
normalization factor as Figure C.2. This allows an estimation
of the two-dimensional spectrum for different standard pattern

sizes.
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Figure C.2. Two-dimensional normalized target spectrum
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NORMAL I ZED SPECTRUM

NORMAL IZED TARGET SPECTRUM ALONG THE X AX!S (ty=0)

1 T T T Y T T T T

fx

Figure C.3. Normalized target spectrum along the x-axis
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NORMAL I ZED SPECTRUM

NORMAL 1ZED TARGET SPECTRUM ALONG THE Y AXIS (fx=0)

1 T T T T T | T T
g.9r -
6.8 -
0.7f 1
6.6 -
.51 -
0.41 -l
0.3F -
0.2 o
.11 -

0 1 1 I ] 1 1 1 1

-1 -0.8 -0.6 -0.4 -0.2 ) 0.2 0.4 0.6 0.9 1

fy

Figure C.4. Normalized target spectrum along the y-axis
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APPENDIX D - SAMPLE SYSTEM

In order to simulate the different models of MRTD present-
ed in this thesis, a sample system was selected in coincidence
with the one employed by Lloyd [Ref. 10]. The parameters of
that system are as follows:
Lens focal length (d)=...ccceeeccccccccsccnccsseseces’0000 um
Diameter Of 1ens (D) =.cceececcsssscsscssosscnseassasssa20000 um
F/number (F=A/D)=..ceeaticscssssccecccccaccccanscssssassalsd
Detector array individual element size (square)=..... 0.005 cm
Horizontal detector angular subtense (AX)=.....ccc.....1 mrad
Vertical detector angular subtense (Ay)=.......¢c......1 mrad
Detectors cold shielding scheme=.......not background limited
Characteristic wavelength of the detectors (lp)=. ceeesll.5 um
Spectral bandpass of detectors=....cccccceees..8 pum - 11.5 um
Specific detectivity at A, (D.(xp))=' ceeceeess2%10 cm Hz‘(z/watt
Specific detectivity in the bandpass=.....cccvceeeess ‘)‘D'(w/)'p
Framerate (F )=..cccccectceseessccsccccccccocecccsocecs..30HZ
Scanrate format=...ccccccrcesscscssecsscseassessss60fields/sec
Number of detectors in parallel (M) =ceeecennnncrcnancnnns .150
Numberofscanlines=.....ccccceeececccsccccssscsscsnssaces300
Interlace=..cccccececcccoccccncacsasscscssscsnssnssnssecsecd tol
Horizontal scanefficiency (n,)=..ccccceceieerecccceencee...0.8
Vertical scan efficiency (n,)=...ccceceeeceecevreccnneess.0.8

Overall scan efficiency (n =n*n)=..ccceceecevccceccc....0.64
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overscanratio (Mg ) =eeececeroceecseccecseccecescenencannasal
Distance between horizontal scan lines (4dy;)=...........1 mrad
Horizontal fieldof view (HFOV)=....ccccceeescescssss.400 mrad
Vertical fieldof view (VFOV)=....ctceeeecccosesesssq.300mrad
Detector dwell time (7,=n*n_ *X*Y/(HFOV*VFOV*Fr)=..2. 67*10°° sec
Horizontal scanning velocity (v,=X/71, )=........37453.2 mrad/sec
3-dB frequency electronic roll-off (f_ in Hertz)=...18716.6 Hz
3 dB frequency electronic roll-off (f_ in cy/mrad)=0.5 cy/mrad
CRT spot size parameter (a)=....ccceeeccccensscssesaosssala234
Noise equivalent reference bandwidth (Af )=...........29.4 Khz
S/N threshold for detection of one bar (¥)=...cccccceccceed.5
Background temperature (T;)=....ccccccceecccrceccscccseess300°K
Monochromatic wavelength of the target (A)=......cc......10 pm

Optical efficiency of the viewer (Noay) =evseceeeacenseess 0.8
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